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(54) Turbo decoding with variable number of iterations 



(57) Turbo code* us>ed in digital communication sys- 
tems are decoded by successive iterations of a maxi- 
mum likelihood atgoc tthm The turbo code decoder is a 
modular apparatus with each module comprising two or 
more serial constituent decoders (100, 102). The output 
a constituent decoder (100) or a module is part of the 
input to the next constituent decoder (102) or module, 
respectively. The progress of the decoding can be mon- 
itored by establishing a limit tor the output of the constit- 
uent decoders (100. 102) and monitoring the numbers 
of outputs of one or more constituent decoders (100, 

FIG.4 

114 



102) that approximately equaling that limit When the 
numbers of outputs approaching the limit or saturating 
is unchanged for successive iterations or successive 
serial decoders (100, 102) no further progress is being 
made in decoding the message. The performance of the 
turbo code decoder can be optimized by terminating 
iterations of the decoding process when the numbers of 
constituent decoder outputs that have saturated is 
unchanged for successive iterations or decoder opera- 
tions. 
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■.•=flescription^::^ ? ^ :>!j j6 e ^ir-o^;.: fv ^it- ^s... \ - 00 . - - 

BACKGROUND OF THE INVENTION 

5 [0001] The present invention relates to channel coding for digital communications systems and, more particularly, 
"V ^Pia-*J^?C90 e ^epoder usef^ for optimizing the performance -of a turbo code 

0 10002]. ^ ; Forward erfpr correction (FEC) is ^system of errorcoatrol for date transmission systems where the receiver 
h , is capab!e ; crf;C*^eGting; and correcting errorsrin .the ^asu-eraiv^ message induced.by noise In the transr^iission chan- 
ro. f neL : F§C is useful; in ronnec$on;wrthidata transmission systems which lack a reverse channel with which retransmission 
of data can,b.e requested or where retransmissjGnwould.be difficult because the delay would be excessive or repeated 
^■retransmission wqulei fte requiredtoecause of the number of expected errors: For these reas6ns t iFEG has-been of par- 
ox, Jicular interest and use in wjr^less:pommunication.and:€pacqiprobe andxaieliite dala transmission systems; FEC relies 
.f -qn channel coding.whe/e input message sequences are mapped to c^e symbch sequences Ihkt iadd redundancyand 
15 memory to the data before transmission. . .iu?.z >k • ro^-i ■ • ■ -,;v. Jy 

: . u [0003] ;.. Generally, channel ceding uti I izes : block or corWolutibnal coding to the me£fest§e bit 

.stream Block coding breaks the-bit stream representing the message: intd' fixed :^2e b!o<^ and ; independently aefcte 
... redundant code symbols to*each block. Block exiling is usuaHy<decoded witrralgebraictechniqees. On the other hand, 
■> t ccnvo!utional coding cpntinuously adds redundant symbcislo.^he bit stream based *>n the contents of the stFeam- In the 
20 ^cqnvqlutional encoder, the^bits of the message aresniftedr^serially intaiand Ofut*of a-5hift register having a; fitirnber of : 
; individual registers. The oi&WJt code is the result :Oi<modulo:arithmdtic;pen^ the Shift register 

and, in some cases, the input bit stream as each successive message symbol or bit is shifted into the regfeter. Whiia bit 
. -stream s^gnientaitiQn is;nqfc required for rcorwoluto^ broken into;bl6cks or 

JS lfrar^.ssr^r.pJhef) reasons r beforg tmnsmissipn : :iD)eisDding;{of convolutional cbdes isaccompttsh^v^'a^ 
25 -.andTerrorapproaehr-. rr\* - v/;: - :r*. t.-..'l^ 'sr^a ?r W xrh v ,- : \±r j:H.:c;!jo > 1 ^-.x-.r. • -'vp^'-ie;?- - 1 
. [0004] Turt?ctcodes k areproduced:by enccx3ere:cprrph*sing.1w, ormore. parallel constituer^ehco(^rs;Thietfdnstit- 
. uent encoders ace often, .but not necessarily, identicahconvolutidnal encoders, An; interleaver or permuter is attached to 
the input of one or more of the constituent encoders. The interleayer rearranges the input of the attached constituent 
c r .encoder in a . systematic, pseudo-random mannepiAs a result turbo (depending on the 

30 --.^nyrnber. of;erKxriers)rjndependentty c^ 
s.n*S#e.Stara pf particular interest because with ^relatively sin^e constituent cbde and4arge interleaver their perfdrrnknee 
c c^FabetneeH'~th§ theoretical- or Shannon limit of thatr^nsn^ssrdnaohannel^ r : : \> n ; > ; ^ - x,:,-: t 

• c, IQP95] r ; Turbo code. decoding is aniiterative;prQcesSiwfth^the results;Gfca1^ the 
inpt^tq.a:S^rKtmcdular v decoderand soforth untiktharequh-ecfc^ When therturbo code 

35 .\ is^cpmposed,j3f fewo parallel concatenated codss^the m^^ cbriflected 
: .cpDSt.itg$atdecoders.s^arat6dbyan interleaver lhat:reorders;theoutputof the fir^ decoder so that 1t way be uSej as 
jrput tojtheriext decoder: Decoders 
• Of fermsc'A conyolutional encoder is a state machine that codes by tracing a path throughr a code-tree of-trellis oa the 
x ba$&Mofrthe^equence;of input symbols. From the.symbols ofcthe "as raceiyedf coded messagethe donvblutrona! code 
40 i:y r^eeoder attempts ta/etrace the:eneoder*3 path^ throughahercode.tree or trellis'outputting^ decoded 
-^mess^ge while correcting errors incurred in transmission One technique for ^ deoosdingxonvoititional codes relies on 
\ .lalgorithms which retrace, the path of; *maximum : likelihood" trough the trellis. One such "maxumtjm Hkelihood'' algorithm 
- ;vuseq( in turbo code decoding is ;Jie softoutput Viterbi algorithm^ SOVA). A constituent decoder applying the SOVA algo- 
rithm computes or estimates the "log likelihood ratio," the logarithm of the ratio of the conditional probabilities of receiv- 
es ,3 ir^ the two outcomes (binary 31 and "0") given :the observed signal value.; The otrtpiit ofvthe constituent deifoddr is a 
^.-plurality of sigpiednumbers. The?sign expresses the polarity of ttie decoded message symbol. -The magnitude is a "soft" 
or analog value expressing the probability that the decoded symbol is the same as the original message symbol::- ' 
[0006] Generally, the turbo code decoder converges on a final decoded symbol sequence with successive itera- 
tions and the error rate performance improves until a threshold number of iterations is reached. Vv>riie the ierror rateper- 
50 formance of the decoder generally improves with additional iterations, the rate of improvement decreases. Each 
iteration takes time further delaying completion of decoding. Heretofore, the number of iterations to be performed by a 
particular turbo code decoder was hard wired into the decoder. Optimizing the number of iterations to be hardwired into 
the decoder involves compromises- in the error rate^and latendy of th& decoder's performance. Further;^due to the ran- 
dom nature of noise. H as received" datajsequences are unequally corrupted and requiretfifferent numbers of iterations 
55., to.dchie^the\sami^lev»lG^.erK)r:OTrrection,'-'-ii!,4.- ",>o r. .-^x r r:-~,r> •; . - 

[0007] What is desiredr.therefore; is a turbo code decoder. and :a<m^od"@f'deGoding' that optimize the peiferrhance 
of the decoder producing a:given leveLof^error correctiorr ^in the fewest number of decoding. iterations on the average. 
Further, it is desired that the operation of the decoder be responsive to the error correcting requirements of each mes- 
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sage. Optimizing the decoding process reduces the latency in decoding a message at an acceptablel' error rafe ; and 
reduces the cost and complexity of the decoder. 

SUMMARY OF THE INVENTION 

[0008]' v The presem inversion dverc^ 

optimizing the performance of an iterating turbo code decoder having a plurality of constituent decoders comprising the 
. steps of establishing a Jimit lor an output of a constituent decodef, detemifrwrfti the numberef decoder butpute^ajiprox- 
jmately equalingvthe Hmrt for\each ofsuccessive itCTationsbytheturbo^^^ 
to,; tJjrbo code i decoder ,when?:the. numbers of tfce decodervoutputs^approxin^ substantially 

- unchang£d:for successive iterations ' The progress of ^a : turbo.icode decode in decoding' a message sequencec^h be 
-rmonitoredfby establishing^ limit for theroutputJOf a constituent decoder, and mdrtittoring the irumber of outputs of equal- 

ing or-approaehing the limit. =lf The:rujniber t of outputs a^^ 
i; iterationsiby the turbo cxxte decoder, tno;progress is being made in decoding the nTfessa^e^Op^atroHljf the turbo code 
is decoder can be terminated without loss of data. ..= ::« '-c ' l--;, s ; ? ^ ^ > ? 

{0009} : : A second:tecbnique r applying the method of optimizing theperformance of an^ iterating tufbo codededbder 
; > includingaplurality. of serial constituent decoders comprises establishing a limit for an output of a f constituent decoder 

- i -determining afirstanda'second number, of.ihe outputs approximately equalihg-the'timit produced by the second serial 
v constituent decoder while performing a first iteration andaseconcr^iteration, respectively; determining a third number of 

2Q the <^puts ,apprc»iimatelyveiqualing;theJimit produce^-by the' first seriat constituent decdder while performing the sec- ! 
Qnd iteration; and terminating foperatiorfof the turbo code 1 decoder when the first, second, and third itambers of outputs 
~. f .are.subst.aptiallv!^equal>3r. , iif -:i "ci «o t^z ewe.*? --v.^- ^zsz'jv* ^;:-v x-Tw'^i a-'- **-«!••? 

[GOtObrr. A.third technique; for applying <the mettoodfof oprtin«2ing the performance of ahT iteratirt*gtuftx>,fet3die etecbder 
^rirtdi^inga-plaralilyiof serial const^ andutpifr<#^'fc^^ 
25 determining a first number of outputs produced by the first serial constituent decoder performing ah iteration' approxi - 
. rnately equaling the ;limit;tdetermining a second number of outputs produced by th^ last serial constituent decbSerper- 
, -forming the:iteration approximately equaling the limit; and terminating operation of theturteo Code decoder when the first 
.u and second numbers of ouJputsare substantially equal; ^rxxjr^ e ^iir • = ; - . k- -io*: r ^ * 
[Q01>lo'i'^Hora fourth technique of: applying . the method of optimizing th*e performance Of art iterating turbo' cixJe 
. decoder jncludinga plurality of serial cx^stituert decoders;eompris^ OUtputof^ cCHTStitOent- 

e decoder^ and terminating operation of thelurbacode decoder wh^ substantia^ bJI outputs produced by thefc&fstitu- 
ent decoder while performing an iteration are approximately equalt6tthe IrrhitcBy mbnitoringTthepr : 6^€fs*0f ; th6 decod- 
ing; prooess~and4erminating decoding; iterations whenijwgress'Slo^oisstops; the tietay in decoding any jSarficular 
f. ocmessage stream canberrsnirra^ forany "as ^reoeffved r "syml^5s^u6nce: 

35;^r[0Q12J ■. :nAn:optimiged grating turtx>:code dec^ 
c c. rers; atcoroparatonto;compare a plurality ofroutputs of a cbnstrtuent decoder to a threshold value fortfteoutp6tra**'0uhter 
^tocou^^^ equaling the threshed- value; 

z r\~ and^a decision uniHo terminate operationi of the decoder when the number- of the outputs ^proximately 

. - , equaling the threshold; value is. unchanged ior successive iterations. In: a second embodiment of the tjptimized turbo 
4Q e;^ode decod^rthe number ot otjtputs of the first and; last: of -the serial ^constituent-xleoodereJthat have saturated during 
no alteration isr.eompared to^determine-progress in decdcfing.^h r a*third r embodiment,4he number #f Output* Of the'first 
r, serial constituent decoder performing a.first .iteration arid the^numbers. of outputs ofcthe test serial constituentdecbder 
: -performing the first and ta subsequent, iteration arexompac^dto deterrnin® decoding progress^nd-whether further iter- 
»• h^atjons are warranted;! &-~Cs k : r )o :) \*v tun- isrr. e-v .c 'h' ■ l- c;i • : { ' y.i> :^:^:.fv>- ; 

45^ ;^ [Q0t3]i > rrThe aforegoing andcother- dbj ectives.^features and^ rad^arrtag^s; 6f th& invention wilt be wore eeadily under- r 
h - $toqd upon, consideration rof the;toUowingdetailecfcdescriptionopf theinvention/tak^ in conjunction witK the, ao^mpa- 

nying drawings, \ ±rr.&„ t & :cr-- - c-^r. ;.r.' t yv».''a<::..oc- ^' , '-s^ '^n . z^-iz -v. v. 

cj:*^ c . -.;i'.>." ' % „><, c.^^ lOCm^'-: b.-. \ 'nr-,;'* r«/. ^-jr :3v:.C. 'KtO^: : ' I: :o :*r ; > '3 ; 

;BBI£F.-DES6fyPTIONwQFn.THE DRAWINGS- , i-.!., > ^ tnuw .vr^. ^ ;^^c y ; . s y.vi^ y-'- 

r 3 [0014] ; ;,vr? v; v.^?;;- ...v,i C 'iv"."t: ^- -,?0i--i .■; v. "i *o rO'K- -^f- )^n^/-'e.: ^»'^Vit (mT ( r > - .iO'.r:". 

i .F)0.,l; cruris atblock diagram of ajcom^r^ - - > -^v. ■ y 

FI.G* 2t;> o is;;a^^ > ; ^ ■ r i;j r ; * '-cX 

£5 FIG. 3 is a trellis diagram of the operation of a recursive, constituent convolutionak encoder of thaencoder of FIG. 2. 
"FIG.4. -^ ftis: a blocl$^ diagramot:a-tuiiK>:code;de.coderi a£cording*to the^preserK irramtibni:^ i-< s ./' - ' r.Oi r . 
. _ FIG f 5 : is trelliaiCtiagrart).fo&a soft-output Viterbi afgorittim based, constituent, convolution^ decoder, : ; 
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: .^DETAILED. DESCRIPTION'OFi.TOE PREFERRED EMBODIMENTS^ ■ - : ^ - ' 

^[0015] r ^Referring fb'R totfetect ahci correct'errors Whrch can occur in 

" digital mesfeagei as a r'esuft of noise in a commuriicalidh link 2. A mSss^gi^4" : d6riif)rising a sequence of bits or symbols 
5 ; " (rriv rri?, nv~ . ) ^origihates^hh"' an ' information source 6-.' if the communication link 2 incorporates FEC; the message 
! ^sequence 4" is en^ed before tf^smlssibn to (0), C^,:!.C^.: .) by an ericodeY 10. Thecode- 

worri"s^uehce r 8 is ; 14 ,(&$}) Which^are Suitable for the 

' ■ transmission in the ehanhef 16 of the communication lihk* 2.' ThU Vkhsrrtisslbn'chahriel i is may beafrected by noise 
- f resulting in a distort^ signal '1 &'({ sV(t)})at 'th& rec'ei\fer r 20'Hn the receiver 207a demodulator with 
io- 'ariy'distortibn- ihcurred during transrriisSibh intb'a dermxjulated ' bit sfream 24 (Zil 2^,i^,:::y. The derViodulated bit 
* ; * stream24 is then dec&ded by 6 dlfecxie^S wriich idSrrtffi^ arid'corriic^ errors in the "as'rec^ived" mWsSiage to produce 
v ' "a correded/defcoded o^ufmessacje Me^]28 {^ rir^sa^eiis passed to ah infbrhnration 

* cy ^(001*6] 1 'Several chanhd'bdcftng techniques are us is 
15 thought to achieve performance neafr the th&fetibai or 'Shannon' lirhit of ^transmission channel, is f urbb codin^; Turbo 
- "codes are interleaved, parallel concatenated, codes. The constituent 'codes are often cbnvdutjorrar codes but rnay be 
^ bvcode^prbduced by other techniques: & ~* ■ ~> r > ; **** £ fT ' V; ' ~ r '■' w: 

r[0?M7] *^ Referring to FIG.-2,- an eixef^ a bracket) 1 comprised two parallel, 

- recursive; systematic, cohvoftitional, coristi^ wrtW^n- intefieaver 46 
20 attached to the input of one of the encoder^ 44, : Turt>6 cbde ehcdders may h constituent 

- ^-encoders -with additional interte*wef attached to the irpuls of the : addftf6nal c6rt£fitu£rif 'encoder^. The'turbd* code 
^'encoder 40 haS three-inter mediate outputs (C5) 47i (cci) y 48; ahd r («b2) Sffwhifch 'aire cb'mbined Irifo'a^ coded serial bit 

- ^stream (G^&'by ah ^ti^ut^ultipl^'r-^'.- The e^eVat0Hbfth¥%ifbb cddetericd^ ! 4d ! df trie raiftof fh&number of input 

25 [0018] The turbo code encoder 40 is a systematic encoder with the symbols of the input messaged 56 
coristitutingone if encoder's intermediate outputs (Cq) 47. The intermediate outputs (ccv) : 48 and (Cc 2 ) 50 ard iWe out- 
r - puts of the" first 42 and second 4^ r dbn^uerit donvoltftiOTaren^ Thei first 42:and second 44 'cbnstrt- 

- 1 ' aent 5 G6nvdti2tfonal encoders each comprise ^ a ^ shift r registe? 58"ahd a pair^of r rhbduld-2 adders 60 'and 62. The shift 
■registers'58 of thfe illustrated enGtfclers have twd f individual registersi fT^ ^iahd (T2)"66>TheF^y>rt)ds 6f ; ^ aai input bit 
3tf^«gtreain4br the^cbnstituent J ericbd'eFS 42 ahd44r(nii) "56 of (ffi(d)i) ^r^'elc^elyr'afe^^^^e bit at : a^md^rrtb the 
^ 1 ^P*Fftfeii§ter WTb ensure that tHecohferife of the shift re^ fhe ^ m^sage ^ndlhat all 
^ ' of the T m£s^ge bits ar6^^^ 

0nit^O tb i: add sufficient bits (usually zferoes) tc?i1ush" the srtift^egistef^'a ^ kndwfl state ^'tfie'^rki'df ih% message or 
^ *:• frartte. A-^nvdlutibna^ehcbder ddds redundant bif§*td ffie mesiag^ Oh a cdrtirRjbu^baiiSis SatHSt'the §hti?6 ?riessage 
35 is dhecoda-Hdwev^thfe cbded me^gedatals dftens^irrieirt 
{(301 9] ^rin^he torbo c6de ; encoder'4b the inpul6f thgftsfc^ 

: ^age? Sequence (rrt> 56[i01Oi]? In the recursive cbhvbfutidr^l i^code^ sum 1 6f We'lhplrt : bit and 
the contents of the two registers (T1) 64 and (T2) 66 is computed in a modulo-2 adder 60 to create a feeiStbacik bit 72 

- ^(f ? / ; We output of the cdrlstituent convblutlohal e 50; is "Sie modulcP2 Wum'bf the feedback bit 
4d- o92\f) and ! thie Contents of the T2 reiglster 66 computed in th&Sdder%2/'-l1i% ? 6utijlui : of th^'f ii^^hslitueht cbnvblutional 

v encbder^cei) 42 is^he coded bit strearn: [11011], ^ - V*-- ; '' ■n' t --J*^ ■■ ■t.yjiQ* 

[0020] The input (m(a)) 68 of the second constituent convotuttonal encoder 44 is the message sequence (ni) 56 as 
^ ^rearranged by an tnferleaver 46.Mhterleaving r iarrahge§ tffe Triput symbols in sdme pseucto-rscriddm manner so that the 
'" ri ; rf1ultiple cdde symbols represerif?rig each input^symboP wilf be separaf^l f rom each oth^ 1 irf the output bit stream (C) 
45°*' 52: ^The 7 error correcting ^erfdrmahce-lurbo Sode^'i^due; ift part; to the use bf large turbo ^ Ihterieavers lhat interleave 
huricJfeds bits.- Interleaving resulfe in ^6 or more (depending on i the number of cbristftueht c^esjTrK^er^entry coded 
- r - : "s/rHbb! streams tft'atTef6r to the^same ^message bit stream. Turfifb-^txJe decoders' exploit this structure bf 'the code to 
'■ ^ '- ^derive'extrinsic ihforrhatibfi ^dutbifeln one symbol sfr^rr^bm the bits in the re^aihihg strfeam(syand use this infor- 

- ri matron to estimate the cdt'reetiy decoded'symbbls. 1 The estirriafesare refined during successive* rt&; ations of the decod- 
5y :;: '=ting;pfbees^ - :; nrv .'V^i s-' - ;.r'-. ; r^H \y:rr;i -.c:- ■ c. rr-i^-i rj-.\ - ;<y c . 

' ' [002 1 ] - In the exemplarVirKerleav according to c £-ta6!e'ttHef€ the^f irst bit of 

; ; - ] ^Ke inplrt sequence (rhf)* b%cbriiffe : fhe ; feurW input sequence 68; : the second 

input bit (m^ becomes the third bit (m(a) 3 ) and so forth. As a result the output ((£2) 50 of-the secbncJ ! cohyolutional 
v ^ e^cbder : 44 i§ -diff^ the^rsf cxSfsMet^'fertcc^er though: the encoding 1 "process" '\^ftfiih the 

55 ^ r endbdef is trte^rnerFurther/ as'a r^suifbtihteHra(/ihg/^e three* c^ 

sa^-symbbl' afe 's^r^^rt1fi§ j bupjt bit streafh"5^. 3 :r ' f; : ~ 1 : ; - e '* Tt : i:; ^ r ' r 

[0022] A convolutionai encoder is a state machifte'ancFtt^ Operation can be repr'esehted ^by ; & ^j^tfi'traded through a 
code free or a trellis diagram. FIG. 3 is a trellis diagram illustrating an exemplary operation of the constituent recursive 
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convolutional encoder 42 of FIG. 2. Each node 80 of ; the treljis^co/respGndsrtp a state of the shift register of therencoder 
42 (listed vertically to the left of the trellis) at an input time or coding stage 82 (to, t 1 ,...) indicated horizontally across the 
top of the trellis), Tyyo paths exit, each r node of the? trjelli?. The patfi tp followed. to*the next stat%at the next;5tage of 
encoding isVgeter^in^ stated ^transitic^. Aa.input message bit- 0): causes the encoder 

$ 7 to follow thepath r^pre^erftpd by a d^sh^d Ijoe .andean inptit message .bit (0) causes tr^ejencoder to follow the path repr 
resented t>y .a soiid,!!^. An output code symbol^ For example K att t a bit 

(1) is shrft^i^ ^ ^ a nf ti^n fFom.the|an ir$al slate. (pp) 86 (as a result of padding) 

to the.Jiex][st^te!(ip) 8& (When, thej^^^ state ^-1 [0) 88, it exits on : the path 

nv cprr^ppdir^/tp^ejn l[ne) whic^^^ a code symbol (l r l) 90 Likewise, the 

ip next ^ from to^s^qnd i^e,(^e^6. §1 t' t ) SB, producing .the next ccde^symbol 

^(oi.^ mqyB to jjs p.^jtat^fi i^f!^t^ : ^ A it,is ^e^r^bJ^fpr therencoder tq^st^rt and r end in 

, . k ,an ait zero state. Fcpr anjnputs^umce [1Q1] two eactra bits [0$ are^^es^Try ^pt^^j^z^en^nQ st^.* Follow- 
ing the path through the trellis for an input message sequence [101] plus two padding bits [0,^ 

, . ^ode: [1,101 1QQ1 1 1] ,Jhe output of. the, encoder otFIG.: 2js fiej pg^ut constituent enc?oders^(tt\e., trellis diagrams for 

r5^. each.of thPjtw enco^ . = 

c j:: {0023] Turbp.code decoding is an iterative! pipces^ ar$ the turbo code decpdjer is modular: irv nature with the.putput 
of a first module (the result of a first iteration) being the part of the input to a fjr^deepder of the next moduiarr-decoder 
tifpr. use invthe^next iteration of the >process. : Referring, to . fg&Hl, a^^exemplary. modular turbo code-decoderinctudes a 
.number of F seria!Jy <x}nnert^ t ccws^^ irvttie par- 

2Q .-\\cu\ar, turbo code encoder,- Oth^ arjangemgnte:^^^ rf the number of cpnstituent codes is 

-greater than two* but.the present jrwerrtion^^ the§e other ar^gamentSi as well. The "as. received" 

VfC i ,. coded transmiss|ori,(2):104, including, any errprsjncurred in transmission, is received by^the decoder from the demod- 

streams; (z 0 ) 110, (zci) 108, and (z C2 ) 1 1 2 f epres^wg of 
^ ,theenccder^^ ^.. r: ,. f \ t ^^ ?(l ^ , is,*-.-..-*, .-n 0 ■■ : ' ~ [Zrw 

[0024] : In the constituent decoders lOaand^iqa, the; soft oiftput Vrterbjaalgprithm (SOVA) is used to refrace the 
- - -"most Ijkely" path followed by the t encoder through thetrellis, diagram when it produced the encoded message; Referring 
it,;- to FIG.5, in applying the Viterbi : algorithm the decoder qperates^serially through the stages, At each stage, a path^metric 
: 170 \s computed for,paths from the initial .state to.^ll jpossibje states for that stage,, Th$ path; metric 170 .isrtheaccumu- 
5P ;> c!.a^ d)ff§r^ce .me^ 

sir: *: ^e ^ifferenpe metric c l72^^ twp^io^/.e#resen|Sf a mfsasure of the dlfferencerbeftve^ra g^q^word 

r correspor^jr^ wpuW-fca/e g^er^t^cfejn- making the 

r. ' 5: tra5Si|ipn betw^ee^i .those two nod,es or^states, ^ccorijirj^tp the t ^iterbi^gorithm^Jhe "mq^rlifceiy? paih:fiorflQWjed;by the 
Encoder jri cod|ng : the s^yejace is the pattv witfrthe.-least p^jm^rjc, ; This path isfetainedrfpr ^iise a( the r>ext input 
35 stagehand. thapathiW/t^thetgr^ fur- 

i >rT therjintp the^e^ cfhec? is^higrj probabilrty ; that errors, in the 

onn ;re^ye4 message decpded by following this p^tth. through the 

r , ^ [0025} r ; ^ : mo^rfi^ T Viterte algorithm (the. ^spftyoutput Vije.rbi <algorithm ^ or, SOVA) Jsjused in turbo epde decoders to 
4Q- prfxluce , ;SOft" ; qr r analog OMtp^fram^^-br^hardjOp^,- "goftyjnpyts and p^^quantize.the level of the^ctaarsignal 
(often at eight levels) between the possible a binary values of the signal.]Thj^ ^soft" yalu^repr^sents the reliabllity^pf the 
^^ignalJs.v^u^.asw^U^its : - ^, , . , V[ {[ 

* [0026],. r Jhere are two basic ^teps in the SbyAaJgprjjhm^sed ip the constituent decoders ; of the/turbp.cpde decoder. 
I j) The.first or, yjterbi step i§,similarJo the yrt^i ; ai^rthm,wj% addition of 5 the computation of the,m^imujmpath met- 
^K•f ! ^^i9^^ e ^5^ s ^^ch.nc^e at each s^age c^f the.tr^Bllis. In th^secgndpr update step. a,window 178 is.established cor- 
r /jespiondipg^tq the c delay pyhe yiterb.i algorrthrn^q conyesrging .on a single path. The, window478 slides along the trellis 
. ;i , as thedecoder. moy^s ^ifrpm : ^tage^tp < stage.. T^ minim^pa^tmetrjc difference's ^qurjd from among all possi^e. paths 
. , ^in t thiS;Wjndpw tr^at <^rrpete t wit^ti^^rvw haye'led.tq a different bi} decision than^the surviypf^path. 

if fhi^minir^un]i,p^^ I s 9, iv £ n : 3:Sign^ and is the soft value of 

bo the SOVA output The output of a constituent convolutional decoder applying the SOVA algorithm comprises, a signed. 

: numbe^for^^h Reeded ^ ratio") represents 

r 1 ^^the;.)falu^Pg-pol^ty^.$|e brt^,T^e ? rr|agnit^e.ptf the-number,repr^sents the reliability .pf its proper decoding : (the mag- 

r. : t : IQQZTl^sr -^^tt^ SDVA, ^igo^tfvqri, the,pattv r^etric cpmp^tation^of the^yiterbi ^gor(thm ; arje augmented/by the ackJi^ 
55.* , tion^of .a tefm^^chjnw preyipusjconstituent^eqoder. For each 

state (k) at a particular t in the trellis, the path metric M k t is qorpputed by extenGfing thejj^th metrics Som ali states (k') t 

, aUim%t :f 1^ as,fpilows: vv - ~ c .\ -, c r;9 f r^^c^io: , '\y\ : <~i- 
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20 [0028] Referring to FIG. 4, the first constituent decoder 1 00 applies the SOVA algorithm to the systematic data (Zq)- 
110, the coded data from the first encoder (Z^) 108, and initial a-priori information (Lj n1 j) 1 14 to compute a soft output 
' (L(sova1) 1 16 comprising a plurality: ci signed numbers each representing the value of a decoded message bft and the 
probability that the value has been correctly decoded. The extrin$tearformati0ni(L{e^ 

the product of systematic data (Zq) 110 and the channel reliability factor (Lc) 124 produced in the multiplier 122 and the 
25 a-priori information (L in1 j) 114'from the decoder output (it(sova)) 11 6in a subtraction unit 118l : 'Aftet interleaving the 
extrinsic information;; (L(e)) T20 becomes a*priori trrfermation (Lin2j): 126 which is supplied to the secohd constituent 
decoder 102. '. ?■ % : ■'. . ^ ••••*.,!• 

v ,[0029] ; "Hhe inpyt data for thesecond constituent decoder 1 02 comprises the interleaved version of a^Driori informa- 
tion (Lin2,2j) 126 from the first constituent decoder 100, the systematic data (Zq) 1 to which has also been interleaved 
30 in the interleaver 128, and the "as received" coded output of the second encoder of the turbo code encoder (Zc 2 ) 112 
which has ; .been aeparaJedfrom the input message bit stream; (Z) 104 by the input demultiplexer 1 06: The Second r con- 
stituent decoder 102 applies the SOVA^atgorithm to»this sex»nd^coded irtformatfon [ and produces Second s6ft output 
(Lsova2) 130, completing an iteration of the decoding process. 

[0030] £i£ ift the requited dumber of iterations havebeen completed, the soft output of the second decoder "(Ls<5va2) 
35 1 30 is diverted by switch 1 32 to the deinterleaver 134 and passed to an conversion unit 136 where "hard" (binary) val- 
■>: : ties are selected forJheidecoded'message 138 from the^soft^analog) values of the decoder output ^ 21 1 
[0031] If the required number of iterations has not been completed, the imerleaved intrinsic irtformatiCn (Lin2,j) and 
the interleaved systematic data (Zq) 110 from the input to the second decoder 102 is subtracted from the soft output of 
the second decoder (Lsova2) f30 imthe subtraction uniri 40. The resulting extrinsic information (Le) 142 is an inter- 
4&, \ leavediversiorrof the intrinsic information (tinljj^) .MA^Afterdeinterleaving in thedeinterteaver 134, this intrinsic infor- 
■) mation:{L3Prt;;j+l) 144 fetted back ihrbugh the switch >1 46ito the input \o the first constituent decoder 100 for the next 
successive iteration of the decoding process. 

[0032] UntTheruutputof theSGVA algorithm depends upon ttee value of the minimum of the maximum path metric dif- 
ferences in the update window alongptiie survivor path:* For low signal to, noise ratios (SNR) the maximum path metric 

4<r; j diftefenees areltkely toibe^mallvf'or hi<JhSNRy the path metric differences'afe Nkely to be" large resulting in large values 
of the SOVA output (Lsova). These large values have a negative effect on the convergence of the algorithm and the per- 
formance of the algorithm can be improved by limiting the output (Lsova). 
'K [0033J The prasenttnventor* caine to : unexpected feaJizatfon th^ of the SOVA algorithm can be 

monitored by comparing the number of outputs of $he constituent decoders thafaresaturating at a limiting level at each 

so iteration and discontinuing iteration when this number does not change from iteration to iteration. Further, the decision 
toxontinue iterating can be : rradetoy^ combing [ the'dhahge in the number- of saturating ou^juts produced- by each of 
the individual constituent decoders in a single iteration. 

[0034] .to the 0resetit^oventk)ni theTMftput^L(sov&))fare directed fr^m the' consmuerrt decoders 1^ to a 

comparator 1 50 which compares each output to a threshold or limit (T). The numbers of L(sova) outputs from the sec- 
55 ond constituent decoder 102 (L(sova2)) for a first iteration (N2J) and a successive iteration (N2,j+1) and from the first- 
constituent decoder 1 00 fop^e^l^cc^sive'iteratibn^N^i.j^T) equaling the threshold (T) are counted by the counter 151 
v and stored in ;meraofy452 1 rjii54-l , arid^li56T"The three ntimbets of saturated L(sova) values are compared in a decision 
unit 158. tfth^ three riuiwbeY&a^^ algorithm can be deaafed'to.haVe'Cdhvergedand the oper- 
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ation of the turbo code decoder can be terminated 162 without loss of information. If the three numbers are not equal, 
the algorithm is continuing to converge and the turbo code decoder will be allowed to continue 164 to operate unless 
the maximum number of iterations 160 has been reached. A second technique and apparatus stores and compares the 
numbers of outputs of theiirsUand second coTOtituent decbdirs* which have saturated in successive iterations. When 

5 the numbers of saturating outputs do not in succeeding iteration does not change convergence is declared and opera- 
tion of the decoder is halted. Likewise, the saturating outputs of a single constituent decoder can monitored for succes- 
sive iterations until there is little or no further change in the numbers of saturating outputs. A fourth, less complex 
technique is to compare the output of the last serial constituent decoder with the output of the first serial constituent 
decoder performing one iteration. While the convergence of the algorithm is indicated by a lack of change in the number 

to of saturated outputs produced by the first and Jast deqodgrsperfqrming a-singl^ iteration; there is less certainty of the 
effect of continuing operation using this method. If all of the values in the^QPVA outputs gf Jhe constituent decoders 
have saturated the algorithm has converged and operation may be terminated. The threshold (T) and the L(sova) value 
are both signed values. The number of comparisons may be reduced by 50% by comparing outputs of only one sign 
with threshold having the same sign. 

15 [0035] The terms and expressions that have been employed in the foregoing specification are used as terms of 
description and not of limitation, and there is no intention, in the use of such terms and expressions, of excluding equiv- 
alents of the features shown and described or portions thereoMt being recognized that the scopeof the invention is 
defined and limited only by the claims that follow. -:<nru ■ ' 1 - vtf. - - - 

2?.V»G!ai™s s *; ;^v, or!: j: ^vi/toci: AVO£ vc-!'.c:c# 00 f vrl:c;^;b :-n-;.-ji;;^--- ?r,v* . ' t ■ ■ 

-■* .1i A method of;;optirnjz^ including; a plurality of constituent 

c t ;t; .y-c. <z ' .^r* n\ tv£o-:;r.ov< C£ ' /.vo f^tmBH;> «* r M b^r- \» *" ? {cjS,} B ? er- '-j roucxyrq f?fST 

25r. - : v* r ; . (-a) establishing : a ..limit for :an output'tof a said, constituent decoder (400r 1 02) ; ; 4 r\ . - : ■ . : 

r vuj ; r -r* ?{b) determining a number of said outputs Japproxrmatefy equaling said limit for each of successive said itera- 
tions by said turbo code decoder; and -r 
-,rv;. ; - (c^terminating^operation ofrsaid turbo code decoder: when said numbers of said outputs are substantially 

.'?0t ■ n?r. b r*.: ^yi>- \ .r--.- *• ':.-> ■•■?. :w 
: r -^yx^ =rc^ wis *o ^o-^'-i- Lvors-. V: iuo?iX. bohov 'h r*.= i: 

^ .:2i; (> The method *oft-claim; twherein saki nuraber(Crf saidcoutptrts^ipproximately^equalincrsaid limit rsva number of said 
*> -*putputs;.of one sigaapproximately equali^grsafdrltrmthavmg said same/sigh:; „ i . :o ;^ . ? : k nc>v v: . 

«*: 5 v 3^;Thern^ a .satdoonstituentdecDder;{100=/t02:) applies the soft output Viterbi algorfthtftj 

4. A method of optimizing the per^rmancaof an;iterating^ttrrbo code decoder includingia plurality of serial constituent 
r.t -ui<. ,.d„ecoders.<1.00 l .t|D2)cCpm|>rising:^r . -^x r ■■-/.>:. : r. ■ ->.-.r. cno; > i=.v-v>-- - ; ■ V: ■ . T 

;ij :<a) e^tab(i$.|^^llmjt^or..an ^ulput-of a^aicr^constituent-decoder^ioo. 102);.U;. - ^ ?. v o; ^ 

4 °t.> , :r{b) ;i detQrminiag aifirst^aod.a second! number of said outputs approximately equaling said limit ,producedt>y a 
i <*r ;•>■•■: v ;' second said serial constituent decoder ^(102) while i>ertormingr a first iteration and?a second iteration; respec- 
tively; : ;z t .■r-jst- r ■* ■ *; . / 
. ; , ir(p) cietermiritr^:a thirdiHumte said limit produced by a first said'serial 
: . : -r^o (Cpnstituent^ecoder (^00) while ,performvngsaid second iteration;-. and ..; , . . ; - ^ ;e 
45, i r . jr.p , h ! (d):termlnating operation of said turbo code decode&when ssiid .first, secbnd f ^and:third numbers of said outputs 
c?c '.^^ are!sub9t^ntially,equa!cvnc : r: - ; v. -?« *h ^^^jo^. 5 ^ : .-\ , ' ? ? ' / r. v--- v-r-v- 

/ 5- : The ; m.eiviod.of ; claim 4 wherein said first, rsecond^md^hird numbers of said outputs are numbers of said outputs of 

r-j- > ■<>: pne ^gntapprpximatjely equaling saidjimit havtng,^satd-$ame : $ign. - , ,o.,!j .^r t,r:i , . - : • r : • 

" . ■ fe^ The«m^thpd oftqlaim ^wherein a said^constituent decoder (100;. 1Q2) ; applies the soft output: Viterbi algorithm. 

s, cnT/i-* A^rrjjBtftoc^ including a plurality of serial constitwent 

. } *r , ;-depoders;<?pmpri$ing:(c .r.*^*: , :0 T* .rr-t: J:b' i29 N r li c :::r . ^-'iscs : _ r 
55r;S - *-; t -'• bri<* < h • ^r: i>, f;:. t:> --ite" ^- ,r ; V''; f 'Otn!;i '^r h ^ ■ •■C»v:c;.." S'j**r ;.*i*v: !*i ! : > ; :."^rr 

■ ^ r, t* (a) establishing^ limitifor an oute^ ^ ^ r r • 

no--.,:, ib b (b) terminating operation of. said turbo ;Cpde decoder when substantially all^said outpirts produced by said con- 
- l ( jStituentdecod^r (^00, . t02}whHe perforfriing a said iteration are approxjrnatelycequal to. said: limit. ; : : 
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... ' 8.: The method of^claim j^erein .isgid substantially all said outputs -are sttostaiTtially all, said- outputs of one sign 
approximately equaling said limit of said same sign, : v ... s . ^ v 

- ; (< f 9., : The method of ctejm 7 where[ir a said : CQnstituent decoder_(100, 1 02) applies the soft output Viterbi algorithm. 

5 . 

1 0. A method of optimizing the performance of an iterating turbo code decoder including a plurality of serial constituent 
decoders (100, 102) comprising: 

(a) establishing a limit for an output of a said constituent decoder (100, 102); 
10 (b) determining a first number of said outputs approximately equaling said limit produced by a first said serial 

constituent decoder (100) performing an iteration; 

(c) determining a second number of said outputs approximately equaling said limit produced by a last said 
serial constituent decoder (102) performing said iteration; and 

(d) terminating operation of said turbo code decoder when said first and second numbers of said outputs are 
75 substantially equal. 

1 1 . The method of claim 1 0 wherein said first and said second numbers of said outputs are numbers of said outputs of 
one sign approximately equaling said limit having said same sign. 

20 1 2. The method of claim 1 0 wherein a said constituent decoder (1 00, 1 02) applies the soft output Viterbi algorithm. 

1 3. An iterating turbo code decoder comprising: 

(a) a plurality o1 serial constituent decoders (100. 102), 
25 (b) a comparator (1 50) to compare a plurality of outputs of a said constituent decoder (100, 1 02) to a threshold 

value for said outputs; 

(c) a counter (1 51 ) to count a number of said outputs produced by said constituent decoder (100, 102) approx- 
imately equaling said threshold value; and 

(d) a decision unit (158) to terminate operation of said turbo code decoder when said number of said outputs 
30 approximately equaling said threshold value is unchanged for successive iterations. 

14. The turbo code decoder of claim 13 wherein said constituent decoder (100, 102) is a soft output Viterbi algorithm 
decoder. 

35 1 5. An iterating turbo code decoder comprising: 

(a) a plurality of serial constituent decoders (100, 102), 

(b) a comparator (150) to compare an output of a said constituent decoder (100, 102) to a threshold value for 
said output, 

40 (c) a counter (1 51 ) to count a first and a second number of said outputs produced, respectively, by a first said 

serial constituent decoder (100) and a subsequent said serial constituent decoder (102) approximately equat- 
ing said threshold value; and 

(d) a decision unit (158) to terminate the operation of said turbo cods decoder when said first number of said 
outputs is approximately equal to said second numbers of said outputs. 

45 

16. The turbo code decoder of daim 15 wherein said constituent decoder (100, 102) is a soft output Viterbi algorithm 
decoder. 

1 7. An iterating turbo code decoder comprising: 

50 - 

(a) a plurality of serial constituent decoders (100, 102), 

(b) a comparator (150) to compare an output of a said constituent decoder (100, 102) to a threshold value for 
said output, 

(c) a counter to count a number of said outputs approximately equaling said threshold value; 

55 (d) a memory (1 52, 1 54, 1 56) to store a first, a second, and a third said number of said outputs approximately 

equaling said threshold value, said outputs produced, respectively, by a last said serial constituent decoder 
(102) performing a first and a subsequent iteration and a first said serial constituent decoder (100) performing 
said subsequent iteration; and 
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' (e) a decision unit (l 5S)'tb-terrninatfe the operation of said^t^ and third 

numbersof said outputs are approximately equal! 'G 1 -- J : ~ : - L 

= 18: The turbo code decoder of daim ' 17 r whereiri said^cortetitueht'decoder (100, 102) is a soft output'Viterbi algorithm 
5 decoder. 

. - CC ' f 'J'.. f ;v.;i V'V"- ' .. f. v>- If ' ' «'*. rl: t- 1 ' -Li 1 / Y: ■ 

z- .-.v ., • • i - ■ ^ cr: : ;>x*3 isii* oi&s , ^x - - " ;>: * i:J Lv \" *'v" *. -..r-rt ' 

15 • : ' ' • 

'SO r .OCT) ^crro-.^-r: tp-s' :f — ;n /5 

(' 0«. :v.o;- • i- ; ' ( ; 

* ■■ r. 

* -:= J * -.^qs-r- Ufi.>- i-": C-i.iO* - .> - ■■'■-i-T i'.->w. .-; .!::■ " : B . . _ r " r 

■ : ■• " -^rn *..^r;*o ^. i.-tr-: , >:v:- , ..- : r ; " '.• : \ 

^YDr.K.l ;;, : :-"v. ■•/•.i-.n-P,:,."- • .''Owi. ".."^ ':. ; - ' . ' .K 

45 
50 

-v : v * • V.! ..V!-:. '^rv ; '.*.*: .. : : ; ■ * io -J.;.? 1 -^V: t f * /-^ . V* r *,. : ir 

: 1'. •':! • 

55. r; ,.;\\: t *r:X- .; --^^lif- ,? 4 rv br — jpr f ' ^ r ' h : '>c,>,l?'] i. . 

V .■v.)-.:*o : i f Ci^a ^ a v*> {"-^"*" f ' ■ r S \,a- 1 * ; - ! ' " V^n' .* ; 5 .. * 
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